In this issue of Genes & Development, four papers report that the annealing helicase HepA-related protein (HARP, also known as SMARCAL1 [SWI/SNF-related, matrixassociated, actin-dependent regulator of chromatin, subfamily a-like 1]) binds directly to the ssDNA-binding protein Replication protein A (RPA) and is recruited to sites of replicative stress. Knockdown of HARP results in hypersensitivity to multiple DNA-damaging agents and defects in fork stability or restart. These exciting insights reveal a key new player in the S-phase DNA damage response.
All cells have evolved elaborate, coordinated responses to ensure genome integrity. Failure to accurately protect against or repair lesions that occur from exogenous or endogenous insults results in the accumulation of mutations and genomic instability. Replication is a uniquely susceptible time for the cell, as the replisome can stall at DNA lesions or certain chromosomal loci (Lambert and Carr 2005; Tourriere and Pasero 2007) . In such cases, cells must protect the stability of the stalled fork in order to assist and effect fork restart. Fork instability can lead to dissociation of the polymerase and other replisome components in a process termed fork collapse (Branzei and Foiani 2009 ). This can lead to exposure of ssDNA and inappropriate processing and breakage, events that are increasingly linked to aberrant recombination and chromosomal translocations (Kolodner et al. 2002) . Accordingly, many human genetic syndromes that lead to cancer predisposition are caused by mutations in genes whose products are central to protecting genome integrity during S phase (Hickson 2003; Kastan and Bartek 2004) .
ssDNA accumulates at stably stalled replication forks (Sogo et al. 2002) and is necessary for activation of ATR (ATM [ataxia-telangiectasia mutated] and Rad3-related), a checkpoint kinase that directs the DNA damage response (Cimprich and Cortez 2008) . ssDNA is also needed to recruit many repair proteins to the site of damage, and it is an intermediate in many types of DNA repair.
Many recent studies have highlighted the mechanism by which ssDNA is generated at stalled forks and at doublestrand breaks (DSBs), but how its generation is kept in check and the consequences of its deregulation are not known. In this issue of Genes & Development, four groups (Bansbach et al. 2009; Ciccia et al. 2009; Yuan et al. 2009; Yusufzai et al. 2009 ) link a previously identified annealing helicase, HARP (HepA-related protein)/ SMARCAL1 (SWI/SNF-related, matrix-associated, actindependent regulator of chromatin, subfamily a-like 1) to the replication fork through an interaction with Replication protein A (RPA)-coated ssDNA. Their work suggests that HARP protects stalled forks by minimizing the accumulation of ssDNA, and it illuminates how HARP is recruited to the fork, as well as the consequences of its action on fork stability, fork progression, and recovery from replication fork arrest.
Checkpoint activation during S phase
In response to defects in fork progression or after forks encounter sites of DNA damage, cells activate signal transduction pathways known as checkpoints. The S-phase checkpoints must sense stalled replication forks and many different types of DNA damage during S phase in order to direct appropriate responses (Branzei and Foiani 2007) . A majority of data indicate that the checkpoint-activating structure contains ssDNA coated with the ssDNA-binding complex RPA, a heterotrimeric complex composed of Rpa1, Rpa2, and Rpa3 (Zou and Elledge 2003; Cimprich and Cortez 2008) . RPA plays a central role in DNA metabolic pathways that involve a ssDNA intermediate, such as recombination, DNA replication, and DNA repair (Zou et al. 2006) . Although RPA-coated ssDNA is present at normal replication forks, the amount of ssDNA increases at stalled forks due to a dissociation of the activities of the replicative MCM helicase and DNA polymerases (Pacek and Walter 2004) . DNA processing during repair also generates ssDNA; homologous recombination repair of DNA DSBs is initiated by 59-to-39 degradation of the broken DNA ends to create 39 ssDNA tails (Paques and Haber 1999) .
RPA-coated ssDNA recruits a key regulatory protein in the replication checkpoint, ATR, to stalled or broken forks through a direct interaction with its binding partner, ATR-interacting protein (ATRIP) (Zou and Elledge 2003) .
However, RPA-coated ssDNA is not sufficient for ATR kinase activation (Zou 2007) . As a result of the uncoupling of the polymerase and helicase activities, stalled polymerases also generate a primer next to this stretch of RPAcoated ssDNA, on which the Rad9-Rad1-Hus1 (9-1-1) complex, a heterotrimeric ring-shaped molecule, is loaded by a damage-specific clamp loader (Majka and Burgers 2004) . In the presence of RPA, this is thought to occur on the 59-primer end (Ellison and Stillman 2003; Majka et al. 2006) . Loading of the 9-1-1 complex is linked to ATR activation by the critical intermediary protein TopBP1, which binds the phosphorylated C-terminal tail of Rad9 and directly binds both ATRIP and ATR, resulting in ATR activation (Kumagai et al. 2006; Delacroix et al. 2007; Mordes et al. 2008) . After assembly and subsequent activation at a damaged or stalled replication fork, ATR coordinates the cellular response to this fork through phosphorylation of a large number of target substrates. The best-studied substrate, the effector kinase Chk1, functions to signal DNA damage to the cell through numerous targets, and together these kinases block cell cycle progression, down-regulate origin firing, stabilize stalled forks, and facilitate replication resumption or the repair of collapsed forks (Branzei and Foiani 2005; Cimprich and Cortez 2008) .
Stabilizing the stalled fork
It is currently unclear exactly how stabilization of the fork is achieved, but in the absence of ATR, stalled replication forks are unstable and can collapse into a variety of deleterious structures that can prevent replication resumption and lead to unscheduled recombination (Paulsen and Cimprich 2007) . Although the ATR pathway may act in several ways to stabilize forks, one critical role for ATR is to promote the stable association of DNA polymerases with stalled forks, presumably preventing the exposure of nascent strands and their rearrangement into regressed forks (Branzei and Foiani 2005; Paulsen and Cimprich 2007) . These structures might be targeted by nucleases to form DSBs, and although these nucleases may be important for the repair of collapsed replication forks, excessive break formation at the fork may lead to illegitimate recombination and genomic instability (Kolodner et al. 2002; Admire et al. 2006 ). The precise targets for ATR's kinase activity at the fork are largely unknown, but likely substrates include replisome components such as RPA and subunits of the MCM helicase (Cortez et al. 2004; Olson et al. 2006) . Regulation of the MCM helicase after fork stalling is an attractive mechanism to prevent excessive unwinding and ssDNA formation, which could make the fork more susceptible to damage. Whether this is achieved through direct phosphorylation of the MCM subunits or through the action of other enzymes is not known.
Checkpoint-independent mechanisms also contribute to fork stability. For example, in yeast, the replisomeassociated Mrc1/Tof1/Csm3 complex is believed to play a structural role in fork maintenance by helping to coordinate MCM helicase and polymerase activities and thereby prevent excessive unwinding of the MCM helicase during replication (Katou et al. 2003) . Similar events are mediated by an analogous complex (Tim/Tipin) in mammalian cells (Smith et al. 2009 ). The RecQ helicase Sgs1 has been reported to maintain association of DNA polymerases at stalled forks (Cobb et al. 2003) , and the highly conserved Mre11-Rad50-Xrs2 complex has been shown to be critical for replisome stability, possibly via a role in promoting sister chromatin cohesion (TittelElmer et al. 2009) . Chromatin structure at the fork also plays a role in fork stabilization. For example, in yeast, deletion of histone acetyltransferase Rtt109 or histone chaperone Asf1 results in a loss of fork integrity due to a loss of histone H3 Lys56 acetylation (Driscoll et al. 2007; Han et al. 2007a,b) , a mark present on newly synthesized histones (Masumoto et al. 2005) .
Replication forks encountering damage-induced replication blocks may have several choices for restart or resumption of DNA replication, depending on the nature of the lesion and the DNA structures formed at the fork as the result of the collision with the lesion (Heller and Marians 2006) . In many cases, replication can go to completion through the action of neighboring forks that converge on the stalled fork. Alternatively, post-replication repair or DNA damage tolerance mechanisms can facilitate the completion of replication (Barbour and Xiao 2003; Smirnova and Klein 2003; Chang and Cimprich 2009 ). In these processes, replication is promoted by direct bypass of the lesion using either specialized polymerases or damage-bypass mechanisms, or by restarting replication downstream from the lesion. Although the latter leaves behind single-stranded gaps, these gaps can be filled by translesion synthesis polymerases, or by template switch mechanisms that use the newly synthesized DNA strand on the sister chromatid as a template for DNA synthesis across the gap. Finally, recombinationbased mechanisms can assist in completion of replication if the stalled replication fork is processed to a DSB (McGlynn and Lloyd 2002) .
HARP, an ATP-dependent annealing helicase
The ubiquitous Snf2 family of ATPases acts in variety of DNA metabolic processes and is comprised of proteins with a DExx-box helicase-related motif similar to that found in Saccharomyces cerevisiae Snf2 . Although most family members do not appear to act as helicases, some family members display atypical helicase activity while others are capable of ATP-dependent DNA translocation, an activity that may generate DNA distortion or disrupt chromatin as well as other DNA-protein interactions (Durr et al. 2006) . Most family members also contain one or more domains other than the helicase domain, a number of which are involved in the recognition of nucleosome post-translational modifications. Some Snf2 family members are intimately involved in DNA replication and the repair of various DNA lesions and DSBs. For example, Ino80, part of a large chromatin remodelling complex, has been shown recently to be required for efficient replication fork progression, replication fork stability, and fork recovery from checkpoint-induced arrest (Papamichos-Chronakis and Peterson 2008; Shimada et al. 2008) . Interestingly, the E3 ubiquitin ligase and Snf2 family member Rad5 is required for postreplication repair, and has a DNA helicase activity that is specialized for replication fork regression (Blastyak et al. 2007) .
HARP, also known as SMARCAL1 and DNA-dependent ATPase A, is a distant member of the Snf2 family that has been shown recently to have the unique ability to catalyze the ATP-dependent reannealing of ssDNA bubbles coated with RPA (Yusufzai and Kadonaga 2008) . It has also been demonstrated that the ATPase activity of HARP is activated by DNA structures with dsDNAssDNA junctions (Hockensmith et al. 1986; Muthuswami et al. 2000) , including model replication fork structures (Yusufzai and Kadonaga 2008) . While these findings raise the possibility that HARP acts at replication forks to reanneal ssDNA, such structures are also present during DNA repair and transcription, and, until now, where and when in the cell HARP might act was unknown. In many ways, more was known about the physiological importance of HARP since it was discovered that mutations in this gene, including some that compromise the ATPase activity of the protein, result in the autosomal recessive disorder Schimke immunoosseous dysplasia (SIOD) (Boerkoel et al. 2000) . SIOD patients display varied severities of the disease and a diverse range of symptoms, but relatively invariant features include kidney failure, T-cell immunodeficiency, and skeletal dysplasia (Spranger et al. 1991; Boerkoel et al. 2000) . In some cases, microcephaly also results (Deguchi et al. 2008) , a phenotype that is often associated with defects in the DNA damage response at the organismal level (O 'Driscoll and Jeggo 2008) . Together, these intriguing phenotypes as well as the unique biochemical activity of HARP make it fascinating for further study.
Insights into HARP function in the cell
In this issue of Genes & Development, four studies (Bansbach et al. 2009; Ciccia et al. 2009; Yuan et al. 2009; Yusufzai et al. 2009 ) shed light on HARP function in the cell, placing it physically and functionally at the replication fork during conditions of replicative stress and DNA damage. A major finding in all four studies is that HARP interacts with the RPA complex, and three of the studies indicate that this occurs via a direct interaction with RPA2. Indeed, sequence analysis of the conserved N terminus of HARP reveals notable homology with an RPA2-binding motif described previously in the replication checkpoint protein Tipin and DNA repair factors Ung2, XPA, and Rad52 (Mer et al. 2000; Unsal-Kacmaz et al. 2007 ). Importantly, this motif is necessary for the interaction of HARP with RPA2. Although not observed by Ciccia et al. (2009) , work by Yuan et al. (2009) also suggests there is a direct interaction of HARP with RPA1 through the same region in HARP, indicating that HARP may interact with RPA at multiple sites. The interaction with RPA is constitutive and appears to be unaltered by DNA damage (Ciccia et al. 2009; Yuan et al. 2009 ). In addition, mass spectrometry analysis indicates that the bulk of HARP is bound to RPA, suggesting that the interaction may be critical for HARP function (Ciccia et al. 2009 ).
Because the RPA complex plays a key role during DNA repair and DNA replication, all four groups sought to determine whether HARP localizes to sites of DNA damage and replication stress. The phosphorylated form of the histone variant H2AX (termed g-H2AX) is found at sites of damaged chromatin (Stucki et al. 2005) , and together the groups find that HARP colocalizes with foci containing RPA and g-H2AX when cells are treated with different DNA-damaging agents and replication inhibitors. Consistent with the idea that this localization is dependent on RPA, knockdown of RPA2 prevents the localization of HARP to sites of DNA damage (Ciccia et al. 2009 ). Furthermore, all groups show that mutants of HARP lacking the conserved RPA2-binding domain or bearing point mutations that prevent the interaction with RPA did not localize to sites of damage, whereas the RPAbinding domain alone could form nuclear foci. Taken together, these observations indicate that the conserved RPA interaction motif found within HARP is both necessary and sufficient for its localization to sites of DNA damage. These findings also raise the question of whether the RPA-HARP interaction is needed for the ability of HARP to catalyze the ATP-dependent reannealing of ssDNA bubbles coated with RPA in vitro. Interestingly, Bansbach et al. (2009) and Yusufzai et al. (2009) found that HARP protein lacking the conserved RPA-binding domain showed no defects in its annealing activity in vitro, nor was the ability of fork DNA to stimulate the ATPase activity compromised. These results indicate that the interaction of HARP with RPA may serve only to concentrate HARP activity at stalled or collapsed forks.
Interestingly, the localization of HARP to DNA damage appears to be cell cycle-specific. Ciccia et al. (2009) show that HARP recruitment to sites of laser-induced DNA damage occurs in ;60% of cells, indicating that HARP, like RPA, may only be recruited to sites of damage in S and G 2 phases of the cell cycle. Consistent with this idea, Bansbach et al. (2009) also show that HARP foci form following ionizing radiation (IR) only in S/G2-phase cells (stained with cyclin A). Both observations are consistent with the idea that HARP recognizes ssDNA generated during resection, a process that is restricted to S phase and G 2 (Sartori et al. 2007 ). Indeed, localization of HARP to laser-induced sites of DNA damage required the DNA resection factor CtIP (Ciccia et al. 2009 ). The sensitivity of HARP-depleted cells to fork stalling agents, the S-phase-specific localization of HARP to sites of DNA damage, and the stimulation of HARP by fork DNA structures raise the possibility that HARP acts during S phase or under conditions of replicative stress to stabilize or restart stalled forks or to repair collapsed forks. Such a defect might be expected to lead to problems in cell cycle progression and damage accumulation. Indeed, analysis of the cell cycle in HARP-depleted cells by Yuan et al. (2009) and Bansbach et al. (2009) (Bansbach et al. 2009; Yuan et al. 2009 ). Together, these data suggest there is a requirement for HARP's activity in responding to and/or repairing DNA damage arising during S phase, and that in its absence the breaks accumulate, slowing cell cycle progression through checkpoint activation.
To more directly investigate whether HARP may be required for the restart of stalled replication forks, Ciccia et al. (2009) also assayed the ability of HARP-deficient cells to restart replication after treatment with the replication inhibitor thymidine. They found that HARPdepleted cells exhibit a delay in BrdU incorporation following release. To distinguish between the possibility that this delay was due to a problem in fork restart or stabilization versus a problem with new origin firing, Ciccia et al. (2009) then analyzed fork progression during aphidicolin treatment on single DNA fibers (a technique that allows the examination of events at individual replication forks). Their analysis showed that HARPdepleted cells have a significant defect in the ability to restart existing replication forks after treatment with aphidicolin, whereas no defect in new origin firing was observed. Because DSBs appear to form in HARP-depleted cells, it seems likely that there is an increased number of collapsed forks in these cells. Taken together, these observations strongly implicate HARP in the fork restart process. Such a defect could result from an increased rate of fork collapse due to a role for HARP in fork stabilization, or from a failure of HARP to facilitate the repair of collapsed forks by homologous recombination.
HARP at the fork
So, how do these new results relate to the recently described ability of HARP to act as an annealing helicase? In order to maintain the stability of a stalled replication fork, HARP may prevent certain events at the fork to keep its integrity intact and allow eventual resumption of replication without the need for homologous recombination (Fig.   1A ). There are multiple DNA structures on which an annealing helicase could act after the replication fork encounters DNA damage, one of which is the ssDNA, which accumulates at stalled replication forks when the activities of the helicase and stalled polymerases are uncoupled. In effect, HARP would counter helicase activity by reversing excessive unwinding (Fig. 1A, i) . It is unclear, however, if it would be necessary for the MCM helicase to dissociate or ''back up'' for reannealing of the ssDNA strands to occur. Such dissociation could be problematic for replication restart because the cell employs a number of mechanisms to prevent MCM loading in S phase (Blow and Dutta 2005) . The premature dissociation of polymerases at a stalled fork could result in a second class of possible substrates for HARP. In this scenario, 39-DNA flaps could form on either the leading or lagging strand due to dissociation of DNA polymerases (Fig. 1A, ii,iii) , and in the presence of 59-DNA flaps, which can form on Okazaki fragments, fork reversal could occur, Figure 1 . Potential targets of HARP activity at the replication fork. (A) HARP may act to prevent certain events at a stalled fork, stabilizing this structure. For example, it may limit helicasemediated DNA unwinding at stalled forks to prevent extensive accumulation of ssDNA that may disrupt a stable fork structure (i). Precocious dissociation of the DNA polymerases at unstable forks could also result in unwinding of the nascent strand on the leading (ii) and lagging (iii) strand, and HARP may suppress the formation of these structures. Such unwinding could lead to flap formation and unwanted fork regression or aberrant homologous recombination. HARP could also prevent bubble formation behind the fork at genomic regions that are not yet packaged into chromatin and are inherently unstable, such as A-T-rich regions (iv). (B) Alternatively, after fork stalling, HARP may promote fork regression (left) or certain fork configurations required for lesion bypass (bottom right), but it could also act during a recombination-mediated fork restart event such as break-induced replication (top right).
allowing excess cleavage and recombination to occur. A third possible type of substrate could exist behind the fork in the form of ssDNA bubbles, the substrate initially used to demonstrate the annealing activity of HARP. Although nucleosome formation behind the fork is coupled to fork progression (Groth et al. 2007) , bubble structures could form, especially in A-T-rich regions or loci prone to secondary structure formation (Fig. 1A, iv) , potentially allowing inappropriate processing of the DNA.
HARP may also act to promote certain events at the fork in order to facilitate restart of a stalled fork or repair of a broken fork (Fig. 1B) . Although HARP does not exhibit helicase activity on partial duplex substrates in vitro (Yusufzai and Kadonaga 2008) , it is formally possible that its ATP-dependent DNA translocation coupled to its annealing helicase activity could be used to anneal nascent strands, allowing fork regression in vivo, in a similar manner to that of Rad5, a related Snf2 family member (Fig. 1B, left; Atkinson and McGlynn 2009) . Data from studies in S. cerevisiae suggest that formation of regressed forks might be a rare and pathological event in eukaryotic cells (Sogo et al. 2002) . Nevertheless, these structures have been implicated in replication restart models involving lesion bypass (Heller and Marians 2006) . In fact, HARP could also help reset the nascent strands after fork regression (Fig. 1B, bottom right) . Finally, it has been proposed that cleavage of regressed forks can generate the substrate required for recombination-dependent fork restart (such as break-induced replication (Fig. 1B , top right; Heller and Marians 2006), and Ciccia et al. (2009) suggest that HARP may play a role during this replication-specific recombination event. Although their data demonstrate that HARP is not required for gene conversion, Ciccia et al. (2009) speculate that the function may be linked specifically to lagging strand synthesis, which is not required for gene conversion.
Clearly, further work will be needed to determine the substrate on which HARP acts in cells. On this point, it is interesting that Bansbach et al. (2009) found that both HARP loss and overexpression led to H2AX phosphorylation. In the case of overexpression as opposed to its loss, nuclear foci of g-H2AX were not observed, and instead a pan-nuclear staining was observed-again, in S-phase cells. Furthermore, the DNA damage response did not appear to be activated under conditions of HARP overexpression, while it was upon HARP depletion. Although the majority of HARP is bound to RPA, only a small fraction of RPA is bound to HARP. Thus, overexpression could act indirectly by altering the distribution of RPA complexes found at normal forks. However, because the g-H2AX signal is dependent on the ATPase as well as RPA-binding activities of HARP, these observations suggest that HARP is instead acting on a common structure present at all forks to which it normally does not have sufficient access.
Future questions
Together, the four new studies in this issue of Genes & Development (Bansbach et al. 2009; Ciccia et al. 2009; Yuan et al. 2009; Yusufzai et al. 2009 ) provide important insights into the function of a protein centrally located at the replication fork. These studies, however, raise some fascinating questions beyond the critical question of what substrate HARP acts on in cells. The RPA-binding domain of HARP is highly similar to that of the replication response protein Tipin, and the binding region on RPA is shared among multiple repair proteins, including Rad52 and XPA (Mer et al. 2000) . Exactly how RPA coordinates the activities of all these proteins temporally during the DNA damage response and with regard to its multiple roles in the cell will be interesting to elucidate. What determines which RPA complexes move to the fork or lesion in a given situation? Is this a stochastic process, or is additional regulation required? One possibility is that the phosphorylation of RPA, known to occur during S phase and following DNA damage, may play a role in this selection (Zou 2007) . Phosphorylation of RPA's binding partners could be involved. Indeed, Bansbach et al. (2009) show that HARP is phosphorylated in a phosphoinositide-3-kinase-related protein kinasedependent manner, and it will certainly be interesting to determine the function of this modification, particularly with regard to its regulation of HARP's ATPase and helicase activities as well as its localization.
Because the RPA complex plays a crucial role in activation of the replication checkpoint, it may also be interesting to determine how HARP may affect the activity of ATR. If HARP acts to prevent ssDNA formation (as expected from its in vitro activity), one might imagine that HARP may be important for limiting checkpoint activity at the fork. Two groups (Bansbach et al. 2009; Yuan et al. 2009 ) did find that loss of HARP leads to the persistence of RPA foci and its chromatin association, suggesting that it does prevent ssDNA formation in cells.
Finally, insight into the role of HARP may come from defining the origin of the events that lead to DSB accumulation in HARP-depleted cells. A defect in fork stabilization leading to increased fork collapse is one possible mechanism. Another possibility is that the inability of cells to repair naturally occurring endogenous DSBs during replication results in their accumulation. Finally, these breaks could arise as a result of a programmed fork restart process. Mus81 has been shown recently to be involved in the formation of DSBs after fork stalling (Hanada et al. 2007) , and it is also needed for fork recovery (Ciccia et al. 2008) . Thus, the breaks found in the absence of HARP could be a result of Mus81 activity. This would suggest that accumulation of ssDNA at the fork in HARP-depleted cells may result in the stimulation of nucleases, like Mus81, and subsequent recombination.
Given the broad range of defects that HARP-depleted cells exhibit, defining exactly how HARP acts at stalled or broken replication forks will likely reveal exciting details about the complex nature of the cellular response to replication stress as well as a further understanding of the circumstances leading to the development of SIOD.
